Tremendous growing demand for high data rate services is the main driver for increasing traffic in wireless cellular networks. Device-to-Device (D2D) communications have recently been proposed to offload data via direct communications by bypassing cellular base stations (BSs). Such an offloading schemes increase capacity and reduce end-to-end delay in cellular networks and help to serve the dramatically increasing demand for high data rate. In this paper, we aim to analyze inband fullduplex (FD) D2D performance for the wireless video distribution by considering imperfect self-interference (SI) cancellation. Using tools from stochastic geometry, we analyze outage probability and spectral efficiency. Analytic and simulation results are used to demonstrate achievable gain against its half-duplex (HD) counterpart.
I. INTRODUCTION
Increasing demand for high data rate and live video streaming in cellular networks has attracted researchers' attention to cache-enabled cellular network architectures [1] . These networks exploit D2D communications as a promising technology of 5G heterogeneous networks, for cellular video distribution. In a cellular content delivery network assisted by D2D communications, user devices can capture their desired contents, either via cellular infrastructure or via D2D links from other devices in their vicinity. Recently, several studies in both content placement policies and delivery strategies are conducted to minimize the downloading time, and to maximize the overall network throughput in terms of rate and area spectral efficiency. From the content placement perspective of view, contents can be placed on collaborative nodes (user devices) formerly, either according to a predefined caching policy (reactive caching) [2] , or more intelligently, according to statistics of user devices' interest (proactive caching) [3] . Higher layer protocols for resource allocation and scheduling have been studied for LTE and WiFi networks with half duplex transceivers [4] - [7] . In contrast with device-centric caching policy, cluster-centric caching policy is proposed in [8] to maximize area spectral efficiency. The main idea in [8] is to place the content in each cluster in order to maximize the collective performance of all devices. Most of conventional architectures of wireless video distribution schemes in both wireless cellular and D2D opportunities, are based on halfduplex (HD) transmission and, recently full-duplex (FD) capability and its advantages in wireless video distribution with D2D opportunities has been investigated in [9] . It is shown that FD capability can promise near double spectral efficiency, providing self-interference (SI) is entirely canceled. Recent advances in FD radio design [10] , materialized by advanced signal processing techniques that can suppress SI at the receiver, have enabled simultaneous transmission and reception over the same frequency band, which is called inband FD communication. Our main contribution in this paper is analyzing the performance of the FD-enabled D2D opportunities in a cache-enabled cellular network, by employing stochastic geometry that captures physical layer characteristics of an ultra dense network. Details along with the main contributions are as follows.
• We propose new system model based on Poisson point process (PPP) to characterize the performance of the system, in terms of closed form expressions of the outage probability and per link spectral efficiency. • Despite [9] in which perfect SI cancellation considered, in this paper, we consider imperfect SI cancellation that have major impact on FD radios performance. • Despite [11] in which HD/FD collaboration probabilities are derived in a uniformly distributed network, in this paper, we provide new analysis for HD/FD collaboration probabilities that captures the extremely random nature of a stochastic network.
Extensive simulations are used to verify analytic results, to prove achievable gain of FD-enabled opportunities in an ultra dense network against its HD counterpart. The remainder of this paper is organized as follows. In section II, system model is clarified. Section III provides the analysis for HD/FD collaboration probabilities. Section IV provides performance analysis of the system. Section V provides analytic and simulation results, and finally section VI concludes the paper.
II. SYSTEM MODEL

A. Network and Channel Model
We consider an in-band overlay spectrum access strategy in which part of cellular spectrum allocated for D2D communications, and therefore there is no interference between D2D and cellular communications [12] . All user devices within cell area have capability of operating in FD mode and are under full control of the BS. We also assume that self-interference (SI) cancellation allows the FD radios to transmit and receive simultaneously over the same time/frequency. Both analog and digital SI cancellation methods can be used to partially cancel the SI. However, in practice, it is difficult or even impossible to cancel the SI, perfectly. The SI in FD nodes is assumed to be canceled imperfectly with residual self-interference-topower ratio β, where 0 ≤ β ≤ 1. The parameter β denotes the amount of SI cancellation. When β = 0, there is perfect SI cancellation, and when β = 1, there is no SI cancellation.
A Poisson point process (PPP) Ψ is considered to model the UEs with the intensity of λ. For D2D links, standard powerlaw path-loss model is considered in which the signal power decays at the rate of r −α , where α > 2 is the path-loss exponent. For FD-D2D links, the channel between FD cooperative nodes are reciprocal and hence the path-loss exponent for both links in FD-D2D mode is the same. Independent Rayleigh fading with unit mean is assumed between any D2D pair. D2D transmitters are transmitting with fixed power ρ d .
B. Caching Model
Denote the set of popular video contents as V = {v 1 , v 2 , ..., v m } with size m. Each user has a unique identity number ω. We use Zipf distribution for modeling the popularity of video contents [13] and thus, the popularity of the cached video content v ω cached in user u i , is inversely proportional to its rank:
Zipf exponent γ r is skew exponent that characterizes the distribution by controlling the popularity of contents for a given library size, i.e., m. Assuming each user have a considerable storage to cache video contents, we provide optimal caching policy for content placement strategy in UEs' storage. In this mechanism, contents are placed in users' caches in advance in which each user with a considerable storage capacity can cache a subset of contents F ⊂ V from the library, i.e.,
.., f X }, X ≤ m and there is no overlap between users' caches, i.e.,
Assuming each user has an identity number, in this mechanism, h top cached at the first user ( = 1), h second cached at the second user ( = 2), etc. We assume that a fraction of users with intensity μλ are making request at the same time. We call μ → 0 as Low Load scenario which means few users making request and call μ → 1 as High Load scenario which means all users demand content at the same time. Each user randomly requests a content from the library randomly, and according to Zipf distribution with exponent γ r . Although, the signaling mechanisms do not affect our analysis in this work, however, efficient D2D discovery mechanisms can be adopted to discover D2D pairs in an underlay cellular scenario [14] . According to the information of caches and UEs' requests, from D2D node establishment point of view, there are two different possible configurations for a D2D collaborating node; (i) half-duplex D2D (HD-D2D) mode with probability of P HD , in which an arbitrary user node within network can transmit a demanding video content to its respective receiver and (ii) full-duplex D2D (FD-D2D) mode with probability of P FD , in which any arbitrary node can operate in FD mode to receive its desired content and simultaneously serve for demanding video content at same time/frequency band (inband FD-D2D). According to Slivnyak's theorem [15] , the statistics observed at any arbitrary random point of PPP is the same as those considered at the origin. Hence, in the analysis sections, we consider a typical receiver at the origin and provide analysis for the typical user. According to this, Since the receivers and their density do not affect our main analysis, the cases of interests, namely, P HD and P FD , will be derived just by considering transmitters' intensities across the entire network. Now, according to Thinning Theorem [15] , the caching nodes storing video contents can be modeled as the independent PPP in two different cases as follows:
• An independent PPP Φ HD with intensity μP HD λ. In this case, all transmitting nodes are operating in HD mode. • An independent PPP Φ FD with intensity μP FD λ. In this case, all transmitting nodes are operating in FD mode. 
III. ANALYZING HD/FD COLLABORATION PROBABILITIES
Denoting P(i) as the popularity of the cached contents at u i , according to the described caching policy in II-B, we have
where f iω (γ c , m) is as in eq (1). For given N users, we define f hit as the hitting probability which denotes total popularity of contents cached in all users and can be defined as
By using Thinning theorem [15] , in the following lemma, we obtain the expected number of nodes within a circle region which are considered as demanding users, and consequently can potentially operate in D2D communications. This means that the density of nodes which are considered as demanding users is μλ as described in section II. Since the number of nodes is an integer value, we round N toward positive infinity in lemma III.1. Now, by considering the expected value of N , we can define the following propositions for a δ-D2D network, where δ ∈ {HD, FD}. Proposition 1. In a wireless δ-D2D enabled network with optimal caching policy, described in section II, the probability that a user operates in δ mode, denoted by P δ , can be defined as
where,
Proof. See Appendix A.
IV. PERFORMANCE ANALYSIS
First, we define the following indicator function 1 δ to simplify the upcoming expressions, i.e., 1 δ = 1 ;δ = FD 0 ;δ = HD
A. SINR Analysis
For the δ-D2D inband overlay cellular system described in section II, the experienced signal-to-interference-plus-noise ratio (SINR), denoted by Υ δ , at receiver of interest located at the origin, can be defined as
where ρ r = ρ d hR −α d , and
B. Laplace Transform of the Interferences
In this subsection, we aim to derive Laplace transform of the interference I d,δ in eq. (9).
Lemma IV.1. Laplace transform of the interference in eq. (9) can be written as
where csc(x) = 1 sin(x) . Proof. See Appendix B.
C. Outage Probability
Theorem IV.2. For an inband-overlay δ-D2D network described in section II, the outage probability on cellular and D2D links denoted by Q o can be calculated as
D. Spectral Efficiency
Theorem IV.3. In the δ-D2D enabled cellular network, the spectral efficiency of a D2D link denoted by S δ , can be calculated as
where, κ = 1 ;δ = HD 2 ;δ = F D Proof. See Appendix D.
E. Special Cases 1) α = 4:
Corollary IV.3.1. When α = 4, the Laplace transform can be simplified as
Proof. By substituting α = 4 in eq. (10), we can the expression in eq. (13).
The interference power dominates background noise. Hence, background noise can often be neglected, i.e., σ 2 = 0.
2) Interference limited regime, (α = 4) and Perfectly Canceled SI:
Corollary IV.3.2. If σ 2 = 0, α = 4 and β = 0, then the spectral efficiency in eq. (12) can be directly solved, and the final expression will be
where, T = − π 2 2 μP δ λR 2 d , and Si(x) =
x 0
t dt, respectively, are standard Sine and Cosine special integral functions, respectively.
Proof. By directly using the formula [16] ∞ 0
, we get the final expression.
V. RESULTS AND DISCUSSIONS Fig. 1 demonstrates collaboration probabilities versus λ for HD and FD modes, for different Zipf exponents. For lower densities, users' demands mostly can be captured via HD collaboration. However, When the density increases, FD collaboration outperforms HD one, because, for any arbitrary node, the probability of finding users' demand within vicinity increases. In other words, due to increasing network, cache hit probability increases which is directly relates to successful cache hits. Zipf exponent in Fig. 1 plays crucial role, so that the high redundancy in the contents popularity, i.e., most popular contents capture majority of the interests, leads to multiple requests to the same content. By increasing network density, due to the increasing the number of interfering transmitters, for a given D2D link SINR threshold (θ d ), the outage probability for both HD and FD modes increases (Fig. 2) . The impact of the parameter μ is clear since it accounts for the density of demanding users which leads to increasing transmitters and consequently increasing outage probability in both HD and FD modes. The main difference between HD and FD mode is because of SI cancellation factor β which have major impact on FD performance. We demonstrate the impact of the parameter β in Fig. 3 . Typical values for efficient digital and analog SI cancellation in FD radios reported by [10] which is around 10 −5 and 10 −6 , i.e., −50 dB and −60 dB. AS can be seen from Fig. 3 , better SI cancellation factor (lower β) can increase FD radios performance and consequently decrease outage probability of FD mode. Outage probability's behavior for the system threshold θ d is clear since increasing θ d means guaranteeing D2D link quality for a successful decoding and demodulation at receivers. The impact of parameter μ in outage probability by considering different system SINR thresholds in Fig. 4 is similar to Fig. 2. Fig. The spectral efficiency of the D2D link is demonstrated in Fig. 5 for different values of parameter β. As can be seen from this figure, FD mode's performance converges to double against its HD counterpart, i.e., better SI cancellation factor (lower β) can theoretically double the specral efficiency of an FD link. In higher densities, due to higher interference, spectral efficiency for both HD and FD modes decreases. 
VI. CONCLUSION
In this paper, we analyzed the performance of the FDenabled D2D network for the wireless video distribution. While FD radios can leads to more satisfaction in users' demand, analytic and simulation results confirms that there is a tradeoff between outage probability and the spectral efficiency; in which that FD radios suffers from the SI and hence leads to higher outage probability, while it can potentially double the spectral efficiency if a better SI cancellation factor is employed. 
APPENDIX A PROOF OF PROPOSITION 1
We define P δ|i which is conditioned on cached contents on user u i , as the probability that user u i can potentially operate in δ mode. We also define Q δ (i) as the probability that u i 's request cannot be served (δ = HD) or can be served (δ = FD), and Λ(i) as the probability that u i can serve for at least one user's demand. Since the requests of contents are identically and independent distributed (i.i.d) at each user, we can say P δ|i = Q δ (i)Λ(i).
From the explanations in section II, we can observe that Now, given N users and assuming user u i caches contents with popularity f (i) as in eq. (2), and excluding user u i from N users, the number of requests for cached contents at user u i is a random variable denoted by n and follows binomial distribution with parameters N − 1 and f (i), i.e., n ∼ B(N − 1, f(i)). Since, u i can serve for multiple requests at the same time, it can be easily shown that
By substituting eqs. (16, 17 and 18) in eq. (15), we obtain final expression for P δ|i in eq. (15) . Given N users, the probability of that an arbitrary user among N users, can operate in δ-D2D mode, denoted by P δ|N , can be obtained by taking expectation over all possible values for i. Therefore we have P δ|N = N i=1 P δ|i f (i), which completes the proof. APPENDIX B PROOF OF LEMMA IV.1 
